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Ultraviolet radiationPhotoluminescence (PL) emission spectra of Makrofol DE 1-1 (bisphenol-A based polycarbonate) upon
irradiation with ultraviolet radiation of different wavelengths were investigated. The absorption-and
attenuation coefficient measurements revealed that the Makrofol DE 1-1 is characterized by high absor-
bance in the energy range 6.53–4.43 eV but for a lower energy than 4.43 eV, it is approximately transpar-
ent. Makrofol DE 1-1 samples were irradiated with ultraviolet radiation of wavelength in the range from
250 (4.28 eV) to 400 (3.10 eV) nm in step of 10 nm and the corresponding photoluminescence (PL) emis-
sion spectra were measured with a spectrofluorometer. It is found that the integrated counts and the
peak height of the photoluminescence emission (PL) bands are strongly correlated with the ultraviolet
radiation wavelength. They are increased at the ultraviolet radiation wavelength 280 nm and have max-
imum at 290 nm, thereafter they decrease and diminish at 360 nm of ultraviolet wavelength. The position
of the PL emission band peak was red shifted starting from 300 nm, which increased with the increase the
ultraviolet radiation wavelength. The PL bandwidth increases linearly with the increase of the ultraviolet
radiation wavelength. When Makrofol DE 1-1 is irradiated with ultraviolet radiation of short wave-
length (UVC), the photoluminescence emission spectra peaks also occur in the UVC but of a relatively
longer wavelength. The current new findings should be considered carefully when using Makrofol DE
1-1 in medical applications related to ultraviolet radiation.
 2016 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Makrofol DE 1-1 (bisphenol-A based polycarbonate), Poly[oxy
carbonyloxy-1,4-phenylene(1-methylethylidene)-1,4-phenylene],
is an amorphous thermoplastic notable for its excellent optical
properties, such as high transparency and toughness [1–3]. Makro-
fol DE 1-1 has a variety potential applications, such as preparation
of track-etched membranes, medical applications [4–6], as well as
in the fields of radiation detection and dosimetry [8]. The structure
of the repeating unit of Makrofol DE 1-1 is depicted in Fig. 1. It
contains two functional groups: two phenyl groups and carbonyl
group C@O. Makrofol DE 1-1 is degraded under the exposure to
the low linear energy transfer LLET radiation, such as ultraviolet
radiation, where the carbonyl group C@O is more susceptible to
radiation damage than phenyl group and therefore it is responsible
for photodegradation of Makrofol DE 1-1 [7]. Photodegradation ofMakrofol DE 1-1, which leads to the formation and transport of
reactive species that can permanently change physico-chemical
properties of Makrofol DE 1-1, has been extensively studied by
many authors [9, and references within], they reported that the
effectiveness of photodegradation is highly correlated with the
energy and intensity of the incident photons [9,10, and
references within].
Ultraviolet radiation has a wide spectrum of wavelength vary-
ing from 100 to 400 nm, which has been divided by the Interna-
tional Commission Illumination (CIE) into three regions according
to wavelength; these are: UVA in the wavelength range 315–
400 nm, UVB in the wavelength varying from 280 to 315 nm and
UVC in the wavelength varying from 100 to 280 nm [11]. However,
ultraviolet radiation with such wide spectrum would be absorbed
and interacted differently in Makrofol DE 1-1, since the photoin-
duced reaction in polycarbonate is a wavelength sensitive [12]. The
effects of photodegradation induced by the ultraviolet radiation of
different wavelengths on the performance of the some types of
Makrofol solid state nuclear track detectors have been reported
in [12,13,9], it is found that UVA causes no changes, whereas
Fig. 1. Chemical structure of Makrofol DE 1-1 polycarbonate [1].
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of compounds, which has been estimated from the FTIR spectra.
Furthermore, the coherent UV radiation of different wavelength
was applied to cure the bisphenol-A based polycarbonate [14].
The purpose of this paper is to investigate the photolumines-
cence emission spectra of Makrofol DE 1-1 that is induced by
the ultraviolet radiation in the wavelength range from 250 to
400 nm. The absorption and attenuation coefficients of Makrofol
DE 1-1 as a function of the ultraviolet radiation wavelength will
be determined. Furthermore, the correlation between the incident
ultraviolet radiation wavelength and photoluminescence emission
spectra parameters including integrated count, band peak position,
band peak maximum normalized intensity, and bandwidth will be
reported and discussed.2. Materials and methods
Makrofol DE 1-1 (Bisphenol-A polycarbonate) was supplied by
Bayer AG Leverkusen, Germany has the following properties:
molecular formula of C16H14O3, the molecular weight of 254 and
density of 1.2 g/cm3. Makrofol DE 1-1 samples of 4 cm2 were
cut from a large sheet of thickness 175 lm [1]. UVVisible spectra
were measured using an UVVisible spectrophotometer (Model
Spectro dual split beam, UVS-2700) in the wavelength range from
190 to 900 nm, keeping air as a reference. The fluorescence spectra
were measured with the aid of Flormax-4 spectrofluorometer
(Horiba). The irradiation wavelengths are emitted from a high
pressure xenon lamp dispersed by grating monochromator, the flo-
rescence light is performed at a constant temperature of 25 C and
detected by a photomultiplier through a second grating monochro-
mator. The Makrofol DE 1-1 samples were positioned such that
the emission was measured at an angle of 30 with respect to
the incident ultraviolet radiation to minimize the first and second
order diffraction. To avoid the spectrometer detector saturation,
the slits of the excited and emission wavelength are adjusted to
be 1 nm bandpass and the lack of fluorescence emission intensity
was compensating by increasing the integration time of the detec-
tor to be 1 s. The Makrofol DE 1-1 samples were irradiated by
ultraviolet radiation with wavelengths in the range from 250 to
400 nm and the photoluminescence spectra were measured in a
step of 1 nm in the wavelength range from 240 to 900 nm.Fig. 2. UV–vis spectrum and attenuation coefficient of Makrofol DE 1-1 in the
wavelength range from 190 to 900 nm.3. Results and discussion
The chemistry underlying the photodegradation of the Makro-
fol DE 1-1 occurred by ultraviolet radiation is ascribed to two dif-
ferent wavelength-dependent mechanisms [9]. Therefore, the
measurement of the UV–Visible spectrum of pristine Makrofol
DE 1-1 is a prerequisite to understand the nature of interaction
between ultraviolet radiation and Makrofol DE 1-1. The attenua-
tion coefficient of Makrofol DE 1-1, aðhmÞ, was calculated by using
the following equation [15]:
aðhmÞ ¼ 2:303AbsðhmÞ
d
; ð1Þ
where AbsðhmÞ is the absorbance, which is measured directly by UV–
Visible spectrophotometer, d = 0.0175 cm is the thickness of Makro-
fol DE 1-1. The absorption coefficient of non-crystalline material isexpressed as a function of optical energy band gap between the
valance and the conduction bands, Eg , and the photons energy hm
[15]. Fig. 2 illustrates the absorbance of Makrofol DE 1-1 as a func-
tion of wavelength and attenuation of Makrofol DE 1-1 as a func-
tion of photon energy. There is high absorption maximum band
from 190 nm to about 290 nm may be due to n! ptransition car-
bonyl group C = O and p! pphenyl group [15]. It decreases shar-
ply at wavelength of about 300 nm, where the absorbance
decreases sharply from 2.75 to 0.1 at about 300 nm. Fig. 2, the
attenuation coefficient of Makrofol DE 1-1 as a function of photon
energy in the energy varying from 1 eV to 7 eV. However, The atten-
uation coefficient sharply decreases from 450 cm1 to 20 cm1
which corresponds to photon energy of 5 eV and 4 eV respectively.
This significant fluctuation of the attenuation coefficient of Makro-
fol DE 1-1 complicates the study the photdegradation of Makrofol
DE 1-1 over a wide range of ultraviolet radiation [16].
The direct band gap of Makrofol DE 1-1, which is the energy
difference between a molecule’s highest energy occupied molecu-
lar orbital (HOMO) and its lowest energy unoccupied molecular
orbit (LUMO) was computed from linear part of the plot between
energy hm in eV and ðahmÞ2. The band gap amounts to almost
4.3 eV which corresponding to wavelength of 290 nm. The photo-
chemical reactions can be induced in Makrofol DE 1-1 by absorp-
tion of ultraviolet radiation due to activation of macromolecules to
its singlet or triplet states [9,17]. The ultraviolet radiation of long
wavelength (UVA) of wavelength 320–400 nm and corresponding
to energy range 3.9–3.1 eV cause only irradiation of the macro-
molecules but no bonds break even for CAH bond of the lowest
bond energy of 4.28 eV. While UVB and UVC may cause bond break
of some bonds of energy less than 4.5 eV and 6.2 eV, respectively
[18].
The photoluminescence emission spectra of Makrofol DE 1-1
sample upon irradiation with ultraviolet radiation of various wave-
length in the range from 250 to 280 nm, from 300 to 320 nm, from
330 to 360 nm and from 370 to 400 nm are shown in Fig. 3(a)–(d),
respectively. All photoluminescence emission spectra are normal-
ized on the corresponding intensity of the irradiation ultraviolet
wavelength to eliminate the intensity fluctuation of the irradiation
ultraviolet wavelength [19].
Upon reviewing Fig. 3(a)–(d) several characteristic points can
be seen. First, structuless photoluminescence emission spectra,
the normalized intensity of photoluminescence emission spectra
of Makrofol DE 1-1 upon excitation with ultraviolet radiation of
250, 260 and 270 nm amount to 1:28 106. Furthermore all PL
spectra have the peak at 307 ± 3 nm. Second, starting from ultravi-
Fig. 3. Photoluminescence emission spectra (PL) of Makrofol DE 1-1 excited by ultraviolet radiation of 260 to 400 nm.
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nescence emission spectra at 226 and 344 nm and the PL spectra
have the peak at 307 ± 3 nm. For ultraviolet of wavelengths 290,
300, 310, 320 and 330 two or three peaks can be observed on the
photoluminescence emission spectra, which indicate the complica-
tion of UVR interaction of ultraviolet radiation with Makrofol DE
1-1. However, these photoluminescence emission spectra peaks of
Makrofol DE 1-1 may be attributed to photo-Fries rearrangement
reaction that predominantly take place at shorter ultraviolet radi-
ation wavelength (<300 nm). Other probability is the formation of
either radiative compounds when ‘Makrofol DE 1-1 is irradiated
with ultraviolet radiation wavelength varying from 260 to
340 nm or non-irradiative compounds after 350–400 nm [17,19].
The PL emission that are shown in Fig. 3 can be parameterized
by considering four extracted parameters from them; these are:
the integration of the normalized PL emission band, the maximum
peak height, peaks position of the PL emission band, PL emission
bandwidth of PL emission band [17,19]. Figs. 4 illustrates (a) the
integration of the normalized photoluminescence emission spectra
band, (b) peak’s position of the normalized photoluminescence
emission spectra band, (c) the width of the normalized photolumi-
nescence emission spectra band and (d) band peak height of the
normalized photoluminescence emission spectra band as a func-
tion of the ultraviolet irradiation wavelength.
The intensity of the peak height of photoluminescence emission
spectra increase with the increase of the ultraviolet radiation start-
ing from 280 nm reaching its maximum value at 290 and 300 nm
thereafter both are decreasing as the wavelength of ultraviolet
increase and almost diminish after 340 nm. The reduction of pho-
toluminescence emission intensities by increasing the wavelength
more than 340 nm, as can be seen from Fig. 3(c) and (d), can be
explained by considering the attenuation coefficient as a function
of ultraviolet radiation energy depicted in Fig. 1. The decrease in
the attenuation coefficient Makrofol DE 1-1 by increasing theenergy of ultraviolet radiation leads to penetration of ultraviolet
radiation through Makrofol DE 1-1 which give rise to decrease
in interaction probability. This findings show that the Makrofol
DE 1-1 is not totally affected by ultraviolet radiation of long wave-
length (UVA).
Concerning Fig. 4(a) the integrated counts of the photolumines-
cence emission bands are constant from 250 to 270 nm and
increase sharply starting from 280 nm reaches its maximum inte-
grated counts at 290 nm and decrease to minimum integrated
counts at 340 nm. These data are fitted with the lorentzian
function;
AðkIrr:Þ ¼ 3:23 107 þ 9:6 10
7
ðkIrr:  290Þ2
; ð2Þ
with the regression coefficient (R) of 91.3% which indicates a strong
correlation between the ultraviolet irradiation wavelength ðkEx:Þ and
the integrated counts AðkIrr:Þ of the photoluminescence emission
bands.
Fig. 4(b) shows the peak height of the photoluminescence emis-
sion bands are constant from 250 to 270 nm and increase sharply
starting from 280 nm reaches its maximum peak height at
290 nm and decrease reached to minimum peak height at
340 nm, these data fitted with the lorentzian function;
HðkIrr:Þ ¼ 5:24 105 þ 1:7 10
6
ðkIrr:  290Þ2
; ð3Þ
with the regression coefficient (R) of 92.7% which indicates a strong
correlation between the ultraviolet irradiation wavelength ðkIrr:Þ
and the peak height HðkIrr:Þ of the photoluminescence emission
bands.
It is well-established fact that the photodegradation of
bisphenol-A based polycarbonate by ultraviolet radiation is attrib-
uted to two distinguished mechanizes: photo-Fries rearrange-
Fig. 4. (a) the integration of the normalized photoluminescence emission spectra band, (b) peak’s position of the normalized photoluminescence emission spectra band, (c)
the width of the normalized photoluminescence emission spectra band and (d) band peak height of the normalized photoluminescence emission spectra band as a function of
the ultraviolet irradiation wavelength.
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the photo-Fries rearrangements or photo-oxidation correlates
strongly on the applied ultraviolet radiation wavelength. The max-
imum PL intensity occurred when the Makrofol DE 1-1 is irradi-
ated by ultraviolet radiation of 290 nm wavelength because it is
equal to the wavelength of band gap that amounts 290 nm. Start-
ing from ultraviolet radiation of 340 to 400 nm the photolumines-
cence emission spectra Makrofol DE 1-1 are weakened and devoid
of structure.
On can recognize from Fig. 4(c) the photoluminescence peak
position correlates linearly with the ultraviolet radiation and red
shifted with increasing the ultraviolet wavelength, the behaviour
can be describe by the linear equation;
PðkIrr:Þ ¼ 55:43þ 0:93kIrr: ð4Þ
with the regression coefficient (R) of 96.7% which indicates a strong
correlation between the ultraviolet irradiation wavelength ðkIrr:Þ
and the peak position PðkIrr:Þ of the photoluminescence emission
bands.
The photoluminescence bandwidth as a function of the irradia-
tion ultraviolet wavelength is dedicated Fig. 4(d) correlates linearly
with the ultraviolet radiation wavelength, this behaviour can be
describe by the linear equation;
WðkIrr:Þ ¼ 8:82þ 0:15kIrr: ð5Þ
with the regression coefficient (R) of 63.4% which indicates an inter-
mediate correlation between the ultraviolet irradiation wavelength
ðkIrr:Þ and the peak position PðkIrr:Þ of the photoluminescence emis-
sion bands. The width of the photoluminescence emission band
dose not show reliable correlation with the ultraviolet radiation
wavelength. In the ultraviolet radiation wavelength between 250
to 400 nm, the width of the photoluminescence emission bands
fluctuate between 40 nm and 77 nm and dose not show regularbehaviour as a function of irradiation ultraviolet radiation
wavelength.4. Conclusion
The photoluminescence spectra of Makrofol DE 1-1 upon irra-
diation with the ultraviolet radiation of different wavelength were
investigated. The Makrofol DE 1-1 is characterized by a high
absorption band in the ultraviolet radiation range, and approxi-
mately transparent for longer wavelength in the visible light range.
The photoluminescence spectra Makrofol DE 1-1 is strongly cor-
related with the wavelength of the ultraviolet radiation, which
could be extended to radiation dosimetry. The integrated counts
and peak height of photoluminescence emission (PL) bands are
increased at ultraviolet radiation wavelength 280 nm and have a
maximum at 290 nm, thereafter they decrease and diminish at
360 nm of the ultraviolet wavelength. The position of the PL emis-
sion band peak was red shifted that is increased with the increase
in the ultraviolet wavelength. The PL bandwidth increases linearly
with the increase of the ultraviolet radiation. When Makrofol DE
1-1 is irradiated with ultraviolet radiation of short wavelength
(UVC), the photoluminescence emission spectra peaks also occur
in the UVC but of a relative longer wavelength. These findings
should be considered carefully when using Makrofol DE 1-1 in
medical applications and radiation detection related to ultraviolet
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